؉ channels, ␤ subunits form a fourbut have followed two major avenues of research. In fold symmetric structure. Each subunit is an oxidothe first, their influence on ion channel gating has been reductase enzyme complete with a nicotinamide costudied, while in the second, a potential role as molecufactor in its active site. Several structural features of lar chaperones has been investigated. The gating prothe enzyme active site, including its location with reposal is based on the observation that certain ␤ subunit spect to the four-fold axis, imply that it may interact family members spontaneously close the ion conduction directly or indirectly with the K ؉ channel's voltage senpathway by a tethered ball or inactivation gate subsesor. This structure suggests a mechanism for coupling quent to the opening of the voltage-dependent gate membrane electrical excitability directly to chemistry chaperone hypothesis does not seem compelling.
. Four ␣ subunits form the transmembrane channel inactivation gate. Thus, when ␤1 is associated with the ␣ subunit, its N terminus can substitute funcchannel for K ϩ ion conduction and voltage-dependent gating, while the ␤ subunit is attached to the cytoplasmic tionally for an ␣ subunit's inactivation gate or even confer inactivation on a K ϩ channel that does not have its face of the ␣ subunits. Several closely related ␤ subunit variants have been described; all are approximately 40 own gate. The ability to mediate inactivation, however, is not a general property of ␤ subunits. The ␤2 subunit, kDa in mass, are known to coassemble in the endoplasmic reticulum with the channel-forming ␣ subunits (Shi for example, is almost identical to ␤1 throughout most of its amino acid sequence but has a shorter N terminus et al., 1996; Nagaya and Papazian, 1997), and remain tightly adherent to the channel. Beta subunits have a and lacks the inactivation gate of ␤1 (Rettig et al., 1994; Xu and Li, 1997). As a result, the ␤2 subunit does not conserved core sequence and variable N termini. This conserved core is related in amino acid sequence to inactivate open K ϩ channels to a significant degree. aldo-keto reductases that are members of the triose Indeed, the ␤2 subunit has only very modest effects on phosphate isomerase (TIM barrel; Alber et al., 1981) enthe gating of voltage-dependent K ϩ channels, bringing zyme family (McCormack and McCormack, 1994; Chouiinto question the hypothesis that ␤ subunits exist in nard et al., 1995). Present in particular abundance in the order to modify channel gating, at least on a rapid time central nervous system of mammals, the K ϩ channel scale. ␤ subunits are also found in invertebrates and plants A chaperone function for ␤ subunits was suggested (Chouinard et al., 1995; Shi et al., 1996; Tang et al., 1996) . because they influence cell surface expression of the ␣ Beta subunits are invariably associated with K ϩ chansubunit when coexpressed in heterologous cells (Shi et nels that are gated by changes in cell membrane voltage.
al., 1996; Nagaya and Papazian, 1997). However, ␤ and These are six transmembrane-spanning K ϩ channels ␣ subunits form a permanent complex in the cell memwith a voltage sensor (Hille, 1992) . Triggered by changes brane, and therefore it is not surprising that one should affect the other's abundance. Therefore, while some influence on levels of expression is in evidence, the The above considerations bring into question the prisolution, is convincing evidence that we have determined the biologically relevant quaternary organization mary function of K ϩ channel ␤ subunits. We have addressed this question by searching for clues in the threeof K ϩ channel ␤ subunits. We hereafter refer to this structure as the ␤ tetramer. dimensional structure of the ␤2 subunit of mammalian voltage-dependent K ϩ channels.
The ␤ tetramer is composed of four TIM barrels, each having eight parallel ␤ strands that form a central core and intervening ␣ helices encircling the barrel's perimeResults ter. The two N-terminal ␤ strands form a hairpin that lies perpendicular to the central axis of the barrel and is Structure of the ␤ Subunit The conserved core of the K ϩ channel ␤2 subunit (␤ located at the intersubunit interface of the tetramer (Figures 2A and 2B ). TIM barrel proteins are usually ensubunit) (amino acids 36 to 367) was expressed in Sf9 cells as a glutathione S-transferase fusion protein and zymes, and the catalytic site is located at the C-terminal edge of the ␤ strands (Branden and Tooze, 1999). On purified using glutathione-Sepharose and gel-filtration chromatography. Removal of the N-terminal 35 amino the ␤ subunit, we refer to this as the front face of the barrel. The presence of bound nicotinamide adenine acids was necessary to prevent protein aggregation and facilitate crystallization. A notable biochemical property dinucleotide phosphate (NADP ϩ ) cofactor within the ␤ subunit structure attests to its catalytic potential. of the ␤ subunit is its oligomeric state; the apparent molecular size from gel-filtration chromatography is
The TIM barrels are arranged in the ␤ tetramer end to side so that the back face of a barrel is wedged against most compatible with a tetrameric subunit stoichiometry of the soluble protein. The tetramer never exhibits dissothe side of an adjacent barrel ( Figure 1C ). This subunit arrangement places the exposed front face 30 to 35 Å ciation into individual subunits under native conditions. Crystals in space group P2 1 2 1 2 were grown by vapor away from the four-fold axis. It also provides an extensive intersubunit interface (about 1900 Å 2 per subunit) diffusion and the molecular structure determined with reflections to 3.3 Å Bragg spacings by multiple isomorfor formation of a stable tetramer. The interface involves mainly polar and water-mediated contacts, as is obphous replacement. The presence of a tetramer in the asymmetric unit of the crystal enabled the use of fourserved in the K ϩ channel tetramerization domain (Kreusch et al., 1998). A hole in the center of the tetramer is about fold noncrystallographic symmetry averaging. The final structure, from amino acid positions 36 to 360 and con-5 Å in diameter at its narrowest point (van der Waals surface separation), certainly wide enough to permit a sisting of 2501 nonhydrogen protein atoms, 37 water molecules, and 48 cofactor atoms, was refined with data K ϩ ion to pass. However, the hole is lined by basic amino side chains. Due to the positive electrostatic charge, we to 2.8 Å to an R free of 24.3% and an R cryst of 23.7%. Strict four-fold noncrystallographic symmetry constraints were think it is improbable that this opening in the tetramer interface forms part of the ion conduction pathway for applied throughout model refinement (Table 1) .
The ␤2 crystal structure reveals a four-fold symmetric K ϩ ions in the biological ␣ 4 -␤ 4 octamer. More likely, when the ␤ tetramer is docked onto the integral membrane tetramer of TIM barrels with approximate dimensions of 90 Å ϫ 90 Å ϫ 40 Å (Figure 1 ). Four-fold molecular K ϩ channel, access pathways between the two proteins allow K ϩ ions to diffuse from the cytoplasm to the pore. symmetry is a shared feature of the ␤ subunit and the integral membrane K ϩ channel (Doyle et al., 1998;  One surface of the ␤ tetramer is extremely flat and the other concave ( Figure 1B) . We have yet to determine Kreusch et al., 1998). This fact, taken together with the observation that ␤ subunits form stable tetramers in which face contacts the integral membrane channel. The ␤F-␣D loop in 3␣-HSD is significantly shortened in the ␤ subunit, where it interacts with an elongated that of 3␣-HSD occur in structural loops bordering the enzyme active site. Such loops located at the C-terminal ␤E-␣C loop via conserved residues (Phe-120, Arg-159). These two loops of the ␤ subunit are thus conformationedge of the strands normally provide the molecular determinants of substrate specificity in TIM barrel enally constrained such that they occupy a similar region in space to the ␤F-␣D loop in 3␣-HSD over part of its zymes, and in some instances, additional loops from other domains or subunits are known to intervene and length. The segment of the ␤F-␣D loop of 3␣-HSD that The NADP ϩ is bound in a deep cleft in an extended in the form of an interesting elaboration of the fold conconformation and makes numerous contacts with pronecting the ␤I strand to the ␣H helix (box II). A threetein atoms from the TIM barrel and the helical subdomain turn helix (␣G) not present in 3␣-HSD precedes the ␣H (Figures 6B and 6C) . The configuration of the cofactor helix, which is itself extended by two full turns. These is very similar to that observed in aldo-keto reductases; two helices are oriented approximately at right angles there are no covalent interactions with the protein deto one another and together jut out over the front face spite the apparent high affinity with which NADP(H) is of the barrel (Figures 1 and 2) . They form part of a primarbound. In contrast to other aldo-keto reductases, howily ␣-helical C-terminal subdomain formed by the seever, the cofactor is almost completely buried within the quence-connecting strands ␤I and ␤J and that immedideep cleft that is covered by the ␤I-␣G loop; only the ately following ␤J.
reactive nicotinamide ring is exposed to solvent ( Figures  5A and 5B) . The orientation of the ring is constrained by hydrogen bonds between the amide oxygen and ArgThe Active Site Well-defined electron density due to NADP ϩ was ob-189, between the amide nitrogen and Ser-188 and Gln-214, and by stacking of the nicotinamide ring system served at the front face of the ␤ subunit ( Figure 6A ). with Trp-243 ( Figures 6B and 6C ). This orientation diIn summary, the ␤ subunit active site shows two unique features when compared to other aldo-keto rerects the 4-pro-R hydrogen from C-4 of the nicotinamide ring toward the opening where substrate enters the acductase enzymes. First, the adenine nucleotide end of NADPH is exposed to solvent in most aldo-keto reductive site pocket (Benner, 1982 ., 1995) . These include transfer of a hydride from the nicotinamide ring to a carbonyl carbon of the the loops contributing to the active site, ␤F-␣D and the C terminus, are essentially absent in the ␤ subunit. The substrate, followed by proton transfer from a donor group on the protein to the carbonyl oxygen of the subshorter ␤ subunit C terminus forms hydrophobic interactions with the ␣F and ␣I helices, leaving a broad pathway strate. The proton donor has been shown to be a tyrosine residue in which the pKa is perturbed through interaction to the cofactor. The situation may be somewhat different when the ␤ subunit is bound to the K ϩ channel ␣ subunit, with a nearby lysine and aspartate. The ␤ subunit active site contains a tyrosine residue, Tyr-90, that is wellbut in the free ␤ tetramer the substrate pocket is very open. positioned with its phenolic oxygen located 3.8 Å from the nicotinamide ring. Moreover, Tyr-90 is hydrogen bonded to Lys-118, which itself is hydrogen bonded to Asp-85. Thus, the ␤ subunit active site has a properly Discussion oriented nicotinamide cofactor and the same general acid donor system, a tyrosine in association with a lysine Important structural features of the voltage-dependent K ϩ channel ␤ subunit include the following. First, the ␤ and aspartate, occupying the same relative positions in space as in other aldo-keto reductase enzymes.
subunit exists as a four-fold symmetric tetramer and
molecule substrates including sugars, aliphatic aldehydes, aromatic hydrocarbons, steroids, and prostaglandins (Jez et al., 1997). We have not identified the biological substrate for the ␤ subunit active site, but it presumably will be a small ketone-or aldehyde-containing molecule present in the cytoplasm.
The structure of the K ϩ channel ␤ subunit with its intact, cofactor-bound active site raises questions as to why certain voltage-dependent K ϩ channels are equipped with an oxido-reductase subunit and what role these play in cell biology. On the basis of this structure, we suggest two possibilities.
A ␤ subunit-voltage-dependent K ϩ channel complex has the necessary components to make a voltagedependent enzyme. That is, the ␣ subunit could serve as a regulatory subunit by coupling conformational changes of the ion channel (associated with its gating) to molecular rearrangements of the ␤ subunit in the vicinity of the enzyme active site. These could in turn influence the binding of cofactor or substrate molecules. Thus, upon would generate 40 product molecules per K ϩ channel every 10 ms of membrane depolarization, and product generation would scale in proportion to the firing frequency of a cell. Such a mechanism would provide a therefore shares the molecular symmetry of the integral direct coupling between membrane electrical excitabilmembrane component of K ϩ channels. Based on the ity and intracellular chemistry. We refer to this proposal assumption that the four-fold axes of the ␣ and ␤ subas the voltage-dependent enzyme hypothesis. units coincide, the ␤ subunit tetramer must dock against A second, and perhaps more likely, possibility is that the cytoplasmic face of the ␣ subunit tetramer in one the ␤ subunit is an intracellular redox-sensing device of two general orientations. The concave surface must for the K ϩ channel. How could such a device work? face either the membrane channel or the cytoplasm.
Imagine again that the gating conformational state of Second, end-to-side packing of the TIM barrels places the K ϩ channel is coupled to the ␤ subunit active site. four active sites approximately 30 to 35 Å away from There could, for example, be gating effects mediated the central axis of the channel (Figure 1) . Using the by the conformational change that occurs in NADPH two-transmembrane K ϩ channel structure of KcsA as a when it is oxidized to NADP ϩ . In this instance, a small measure of the canonical K ϩ channel pore-forming unit, molecule "substrate," by binding to the active site and we infer that the ␤ subunit active sites must be posioxidizing or reducing the cofactor, might influence chantioned beneath the portion of the ␣ subunit formed by nel gating. This mechanism would require only a single the first four transmembrane segments (S1 through S4, hydride transfer between substrate and cofactor rather not present in the KcsA K ϩ channel) (Figure 7) . Transthan multiple catalytic cycles. A permanently bound comembrane segments S1 through S4 include the voltage factor would have obvious advantages in such a mechasensor of voltage-dependent K ϩ channels (Hille, 1992) . nism and is consistent with our structural data. In this Third, a ␤ subunit active site contains an NADP ϩ cofacscenario, intracellular chemistry would modulate K ϩ tor, a catalytic tyrosine, and associated charge-relay channel activity, perhaps over a relatively long time amino acids for stabilization of a tyrosinate anion. Thus, scale. This idea offers a mechanism for the recent disthe active site is structurally competent to mediate hycovery that coexpression of a ␤ subunit with a voltagedride transfer chemistry. The cofactor is very tightly dependent K ϩ channel confers "oxygen sensitivity" bound to the active site.
upon the channel (Perez-Garcia et al., 1999). Aldo-keto reductase enzymes reduce aldehyde or keThe two proposals outlined above represent biologitone functional groups to primary or secondary alcohols.
cally distinct mechanisms, but they are thermodynamiSome members of this enzyme family catalyze carboncally almost indistinguishable. Both are based on the carbon double bond reduction. The basic chemical reacidea that conformational changes of the ␤ subunit active tion is the stereospecific transfer of a hydride between site are linked to conformational changes of the K ϩ the nicotinamide ring of the cofactor (NADPH or NADH) channel. Although further experiments will be required and a carbon center on the substrate molecule. Thereto test these ideas, circumstantial evidence may be fore, a substrate is reduced at the expense of cofactor gleaned from existing data, including the ␤ subunit oxidation or the converse occurs, depending on substructure itself. For example, it is known that large movestrate/product concentrations and the redox potential ments of active site loops in TIM barrel enzymes occur with respect to that of NADP ϩ /NADPH. The aldo-keto reductase enzymes metabolize a wide range of small during catalysis. In particular, upon NADPH binding to The preceding discussion would be incomplete with-
The structure was solved by multiple isomorphous replacement (MIR) using two derivatized crystals and incorporating anomalous out addressing the well-studied role of ␤1 subunits in K ϩ diffraction data (Table 1) 
